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Racemic DNA Crystallography

Pradeep K. Mandal, Gavin W. Collie, Brice Kauffmann and Ivan Huc*

Abstract: Racemates increase the chances of crystallization by
allowing molecular contacts to be formed in a greater number of
ways. With the advent of protein synthesis, the production of protein
racemates and racemic-protein crystallography are now possible.
Curiously, racemic DNA crystallography had not been investigated
despite the commercial availability of L- and D-deoxyribo-
oligonucleotides. Here, we report a study into racemic DNA
crystallography showing the strong propensity of racemic DNA
mixtures to form racemic crystals. We describe racemic crystal
structures of various DNA sequences and folded conformations,
including duplexes, quadruplexes and a four-way junction, showing

that the advantages of racemic crystallography should extend to DNA.

Racemic mixtures of small organic molecules have a well-known
tendency to crystallize as racemic crystals and to much less frequently
separate into conglomerates in which each crystal is composed of a
single enantiomer.[Y The observation that racemic crystals tend to be
denser than their chiral counterparts, known as the Wallach rule, was
made as early as 1895.[41 The physical basis of this close-packing
phenomenon and whether it is truly related to the higher occurrence
of racemates is still debated.[¥! Nevertheless, the prevalence of
racemates has been repeatedly verified experimentally over the years.
It applies to small molecules in which chirality arises from
stereogenic centers and also to helical molecules such as helicates!!
and helical aromatic or aliphatic foldamers,[>8 but not to
unsubstituted helicenes which often form conglomerates.[] The
propensity of enantiomers to co-crystallize is so strong that even
pseudo-enantiomers (molecules that are almost but not exactly mirror
images) co-crystallize to form so-called quasi-racemic crystals.[®!
With the advent of protein chemical synthesis,[®1 racemic protein
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mixtures have been produced and repeatedly shown to co-crystallize
as racemic crystals,[*% especially in the P1 (or P(bar)-1) space group.
Racemic crystals Theoretical calculations had predicted this tendency
based on entropic considerations,['] as opposed to molecular close-
packing invoked in the case of small organic molecules. These
properties have been turned into an advantage for protein
crystallogenesis, as they offer additional opportunities for crystal
growth where single enantiomers fail to produce X-ray quality
crystals.[19121 Quasi-racemic protein crystallography has also been
taken advantage of.[%!

Curiously, it appears that racemic DNA crystallography has not
yet been investigated and the potential benefits of this approach to
elucidate nucleic acid structures are not known. Only one structure of
a racemic DNA duplex has been reported in the Protein Data
Bank, but no comparison with the structure of the pure p-
enantiomer was provided. One racemic RNA duplex has also been
described.1 A possible reason for this apparent discrepancy
between protein and DNA racemic crystallography may be that L-
oligonucleotides used to be expensive, especially regarding the
amounts required for crystallogenesis. However, due to their nuclease
resistance, these non-natural enantiomers provide interesting
applications as spiegelmers[®® and spiegelzymes.[*l Consequently,
their production has increased in recent years and production costs
have dropped to levels not much higher than those of b-DNA. We
thus endeavored to explore in a more systematic manner how racemic
mixtures of DNA oligonucleotides could crystallize and now report
their strong tendency to form well-ordered racemic crystals,
suggesting that the advantages of racemic protein crystallography
may be successfully applied to other biomolecules.

In order to investigate the applicability of a racemic
crystallization approach to DNA crystallography, a variety of DNA
sequences were chosen with the aim of covering a diverse range of
sequences and structures. Additionally, sequences were selected for
which at least one crystal structure of the natural D-enantiomer was
known,[17-2%1 thereby permitting the validation of any racemic crystal
structures arising from our studies, as well as allowing us to compare
crystal growth conditions. The sequences selected (see Table 1)
encompass deoxyribo-oligonucleotides of 6, 10 and 12 nucleotides in
length, the natural pb-enantiomers of which fold as tetramolecular and
bimolecular quadruplexes, B-type duplexes and four-way junctions.
Deoxyribo-oligonucleotide sequences were purchased from
commercial suppliers, with a 3 pmol synthesis scale typically
providing sufficient material for crystallographic studies. Racemic
solutions of each DNA sequence were prepared by mixing equal
amounts of pure D- and L- enantiomers. Crystallization trials were
then performed for each racemic DNA mixture, using standard
hanging-drop vapor diffusion methods. Crystallization conditions
similar to those reported for the non-racemic sequences were initially
tried for all sequences listed in Table 1, which yielded crystals
suitable for X-ray diffraction analysis following standard
optimization of the crystallization conditions for all sequences except
D/L-TG4T (see Table S1). For this sequence, we first reproduced the
crystallization of D-TG4T under the reported conditions and
confirmed the different behavior of the racemate. Since we were not
able to grow crystals using the crystallisation conditions reported for
the enantiopure sequence, a sparse-matrix crystallization screening
approach was adopted for the racemate. This identified a condition
suitable for crystal growth composed of 1,6-hexanediol, potassium
cacodylate, potassium chloride and magnesium chloride — somewhat
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different from the crystallization conditions of the native enantiopure
sequence (see Table S1). Interestingly, pure D-TG4T does not
crystallize under these conditions. Eventually, crystals of suitable
quality for X-ray diffraction analysis were obtained for all DNA
sequences listed in Table 1. Images showing crystal form and
morphology are shown in Figure 1, and details of crystallization
conditions are provided in Table S1.

200pm

Figure 1. Pictures of crystals obtained for racemic mixtures of DNA sequences:
(a) D/IL-TGaT; (b,c) D/L-GaT4Gy4; (d-f) D/L-CCGGTACCGG.

Table 1. Crystal structures obtained from racemic mixtures of
deoxribo-oligonucleotides.

Sequencel@ Structural motif ~ Max. Space PDB
Res. "] rou
group Entry
DIL-TG4T (K*) Tetramolecular  2.69 A P-1 4R44
G-quadruplex
DIL-G4T4Gs (K*) form-1  Bimolecular 1.90 A P-1 4R45
G-quadruplex
DIL-G4T4Gs (K*) form-2  Bimolecular 1.85A P 2i/n 4R47
G-quadruplex
D/L-CCGGTACCGG Four-way 2.33A C2lc 4R48
(Ca?) Junction
D/L-CCGGTACCGG B-type duplex 1.28 A P-1 4R49
(Ca™)
D/L-CCGGTACCGG B-type duplex 1.49A P-1 4AR4A
(Co™)
D/L-CCGGTACCGG B-type duplex 1.29A P-1 4R4D
(Mg?)

[ cations in parenthesis are included in the structure. ! maximal resolution

Preliminary X-ray diffraction analyses of these crystals were
performed on an in-house rotating anode diffractometer. Crucially,
analysis of the initial X-ray diffraction measurements for each crystal
easily identified a center of inversion, with the crystals belonging to
space groups P—1, C2/c or P21/n (Table 1), all commonly encountered
in crystals of small organic molecules. The apparent prevalence of
space group P-1 also mirrors racemic protein crystallization
experiments. As pointed out by Wukowitz and Yeates,['!I the high
level of degrees of freedom, or dimensionality, of the P—1 space group
makes it a common and highly favorable packing arrangement. We
also note that the predicted next-best packing arrangements consist of
P21/n and C2/c space groups which are both encountered in our study
as well.

Full datasets were then collected using synchrotron or in-house
X-ray sources for crystals of all sequences shown in Table 1. Due to
the availability of the equivalent p-enantiomer DNA structures as
suitable search models, all of these datasets were successfully solved
by molecular replacement. Other phasing methods were not
investigated. The crystal structures determined from these racemic
DNA crystallization trials yielded a total of seven distinct structural
arrangements (see Figure 2), all of which belong to achiral space
groups (Tables 1 and S2), i.e. space groups that contain mirror planes,
glide planes, or inversions as symmetry operations and hence require
the presence of both enantiomers of a chiral molecule.? Notably, the
space groups encountered are all centrosymmetric space groups, a
feature that would matter if other phasing methods were to be used.
Full details of the X-ray diffraction measurements, structure
determination and refinement are described in the supporting
information. The racemic crystal structures reported here include a
tetramolecular G-quadruplex formed from the sequence d(TGa4T), two
crystal forms of a bimolecular quadruplex formed from the sequence
d(GsT4Gs), plus a four-way junction and three B-type duplex
structural arrangements (bound by different divalent cations) all
formed from the sequence d(CCGGTACCGG) (Figure 2). In all cases,
the D- and L-DNA enantiomers are related by chirality-inverting
symmetry operations (i.e. inversions and glide planes) as well as
chirality-preserving symmetry operations for space groups C2/c and
P2i/n (i.e. rotations, translations and screw axes). Importantly,
structural alignments of the racemic structures determined in this
work vs the equivalent non-racemic structures reveal only marginal
differences (Table S3). This indicates that, despite differences in
crystal packing contacts (see below), the three-dimensional structures
generated from racemic DNA mixtures have the same relevance and
utility as the equivalent p-enantiomer crystal structures.

Inspection of the crystal packing contacts reveals a number of
interactions unique to the racemic structures. For example, the
racemic G4T4G4 G-quadruplex structure (in space group P(bar)-1)
features an unusual intermolecular thymine-thymine (TT) base pair
linking D- and L- molecules in the crystal lattice (see Supplementary
Figure S1). This TT base pair involves the formation of hydrogen
bonds between the N3 and O4 groups of D- and L-thymine-8 residues,
resulting in a base pair arrangement comparable to a TT wobble base
pair. In comparison, the crystal packing of the natural enantiopure
crystal structure (Protein Data Bank entry 1JRN)[8 similarly brings
two symmetry related thymine-8 residues within close proximity.
However, due to the geometric constraints imposed by the chirality,
the thymine bases are unable to form multiple base-pairing hydrogen
bonds such as those seen in the racemic structure (Figure S1b).
Interestingly, the second racemic crystal form of the bimolecular
quadruplex determined in this work (in space group P2i/n) also
contains the intermolecular racemic TT base pair seen in the P(bar)-
1 form, suggesting this achiral motif to be a favorable crystal packing
interaction. Further details and discussion of racemic crystal packing
contacts in comparison with the corresponding b-DNA crystals are
provided in Figures S2-4. A recurrent trend is a tendency of duplexes,
four-way junctions and TG4T quadruplexes to form enantiopure
pseudo-helices by stacking on top of each other. The differences
between D- and D/L-DNA crystals then arise from differences in
packing one handed helices only, or a mixture of helices of opposite
handedness. In many racemic crystals, enantiopure pseudo-helices of
opposite handedness interlock, creating tightly packed lattices (for
example see Figure S2a).



Figure 2. Racemic DNA crystal structures illustrating the relationship between L and D enantiomers (colored cyan and green, respectively). a-c) B-type DNA duplexes
formed from the sequence CCGGTACCGG, co-crystallized with either Ca?* (a), Co?* (b) or Mg?* (c) ions. All three duplex structures belong to space group P(bar)-1;
d) Tetramolecular G-quadruplex formed from the sequence TG4T in space group P(bar)-1; e-f) Bimolecular G-quadruplexes formed from the Oxytricha nova telomeric
sequence G4T4G4 in space groups P2i/n and P(bar)-1, for e) and f), respectively; g) Four-way DNA junction formed from the sequence CCGGTACCGG in space
group C2/c. lons are represented as spheres, colored orange (sodium), red (calcium), green (magnesium), blue (cobalt) and magenta (potassium).

The ability of opposite DNA enantiomers to form stable
intermolecular contacts may contribute to the prevalent occurrence of
racemic crystals. Indeed, in no case did we observe the formation of
conglomerates (also termed racemic conglomerates)2%l, despite the
racemic DNA mixtures being exposed to crystallization conditions
known to favor crystal growth of the natural enantiopure DNA
sequences. To the best of our knowledge, no DNA conglomerate has
been reported to date. Racemic crystals are intrinsically different from
the pure enantiomer crystals and offer additional and unique packing
opportunities unavailable to enantiopure DNA molecule. Thus,
racemic DNA mixtures may result in successful crystallogenesis in
cases where enantiopure DNA crystals are unobtainable.

The benefits of applying racemic crystallographic methods to
proteins are well known and considerable. We have described here a
systematic crystallographic study of a range of racemic DNA
sequences, showing that: a) racemic mixtures of DNA molecules are
highly amenable to crystallogenesis; b) these crystals are invariably
achiral, showing a preference for the space group P(bar)-1 and c) the
structures determined from racemic mixtures are nearly identical to
those determined from classical enantiopure solutions. These findings
indicate that the application of the racemic crystallographic method
to DNA structural research is both feasible and potentially highly
beneficial. Although beyond the scope of this work, one may predict
the future advent of racemic RNA crystallography, and also of quasi-
racemic nucleic acid crystallography for the advantages it may bring
in terms of phasing.[24

Keywords: racemic crystallography « DNA- crystallogenesis *
structural analysis * x-ray diffraction
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